Aqueous precursors tailored for the deposition of thin film materials are desirable for sustainable, simple, low energy production of advanced materials. Yet the simple practice of using aqueous precursors is complicated by the multitude of interactions that occur between ions and water during dehydration. Here we use lithium polyoxoniobate salts to investigate the fundamental interactions in the transition from precursor cluster to oxide film. Small-angle X-ray scattering of solutions, total X-ray scattering of intermediate gels, and morphological and structural characterization of the lithium niobate thin films reveal the atomic level transitions between these states. The studies show that 1) Lithium-[H 2 Nb 6 O 19 ] 6has drastically different solution behaviour than lithium-[Nb 6 O 19 ] 8-, linked to the precursor salt structure 2) in both compositions, the intermediate gel preserves the polyoxoniobate clusters and show similar local order and 3) the morphology and phases of deposited films reflect the ions behaviour throughout the journey from cluster solution to metal oxide.
Introduction
Aqueous precursor chemistries for functional metal oxide coatings are generating considerable excitement with the goal of sustainable, green processes for advanced technology materials [1] [2] [3] [4] . While there are disparate examples of thin film coatings grown from aqueous cluster precursor solutions, detailed studies of the crucial chemical and physical states of the process, and the sequential transitions between these states has not been studied. Here we investigate the transition of aqueous lithium polyoxoniobate clusters to lithium niobate thin films as a benchmark study to delineate important features of the processes that may be universal in analogous aqueous cluster precursor chemistries.
Effective metal-oxo cluster precursors possess some degree of connectivity to the film ions, which decreases the energetic barrier for self-assembly and crystallization of the coating material; and they contain minimal species that would be considered impurities in the film, such as organic ligands or charge-balancing ions. Moreover, these aqueous cluster chemistries provide superior control over composition and morphology compared to precursor chemistries of simple ions or small molecules. [5] [6] [7] [8] Additionally, they have produced nanocomposites that could not be obtained otherwise. [9] [10] [11] [12] The fundamental steps of growing thin film materials from aqueous cluster precursors are illustrated generically in figure 1.
Alkali niobate and tantalate thin films are important in advanced technologies [13] [14] [15] [16] [17] [18] [19] and serve as an excellent case study for understanding the direct influence of aqueous precursor chemistry on thin film growth. These chemical systems are of particular interest to the current study because the polyoxometalate Lindqvist ion [M 6 O 19 ] 8-(M=Nb, Ta) can be made as a salt of any alkali (Li, Na, K, Rb and Cs) with excellent water-solubility. [20] [21] [22] Therefore, the unique situation is exploited in which the aqueous cluster counterion is also an integral part of the film chemistry. Although the alkali Lindqvist ion salts have been utilized as precursors for alkali niobate and alkali tantalate powders, [23] [24] [25] [26] [27] [28] [29] they surprisingly have not been used to grow films from solution.
Here we specifically address the Li + -[Nb 6 O 19 ] 8precursor chemistry for lithium niobate films. In 2007, Ono and Hirano 30 reported using alkoxide-derived, water-soluble Li-Nb-O-OH and Li-K-Nb-O-OH precursors for solution deposition of LiNbO 3 . While these solutions may have contained some derivative of the Lindqvist ion salts, they were not described as such, nor were details about their structure or solution state reported. We present herein two paths from aqueous cluster precursor solution, to deposited amorphous gel, to metal oxide film, using Li 8 respectively. Major characterization methods included small angle X-ray scattering (SAXS) of aqueous precursor solutions; and total X-ray scattering of the intermediate gels from the room temperature amorphous state up to the crystalline state. On a rudimentary level, composition was expected to be the most important controlling factor of the transition from precursor to thin film coating. However we've learned through this study that acid-base and ion-association chemistries of the aqueous and gel systems also significantly affect the key processes in this atom-level journey. Li6 had a pH of 10.9. Li6 never produces crystals sufficient for single-crystal analysis; rather they were characterized by powder diffraction, see SI. This is pertinent to later discussion on film morphology.
Experimental

Preparation of Lithium hexaniobate
Aqueous cluster solution studies
Small-angle X-ray scattering data were collected on an Anton Paar SAXSess instrument with Cu-K radiation and slit collimation in the q-range of ~0.1-7 nm -1 . Solutions of Li8 and Li6 were prepared by dissolution of the pure crystalline (Li8) and microcrystalline (Li6) powders isolated as described in prior section 2.1 for a variety of concentrations ranging from 2.4 to 60 mM in H 2 O solution and contained in a reusable 1.5 mm diameter quartz capillary tube for SAXS measurements. To ensure consistency between solutions, the most concentrated solution was prepared first, and less concentrated solutions were obtained by dilution of these solutions. Scattering was measured for 30min or 1h. After background subtraction and desmearing, the data were analyzed to determine size, size distribution, structure factors and PDDF (pair distance distribution function) using the IRENA macros 31 within IGOR Pro.
Intermediate gel state studies
Preparation of glassy Li6 and glassy Li8. Saturated aqueous solutions (~70 mM) of Li6 and
Li8 were separately prepared by dissolving in water and syringe-filtering (0.2 m pores). The filtered solution was placed in a 40 ml beaker, and set in a fumehood for rapid evaporation. The resulting powders were a glassy form, confirmed amorphous by X-ray diffraction. These samples, along with microcrystalline Li6, were used for total X-ray scattering studies. Thermal analysis was performed with a TA Instruments Q600 for thermogravimetric under nitrogen flow with a heating rate of 10 °C/min. Total X-ray scattering studies. Total X-ray scattering data on glassy Li6, glassy Li8 and crystalline Li6 were collected at the Advanced Photon Source, beamline 11-ID-B. Samples were prepared by grinding and packing powders into a kapton capillary and then encasing in a quartz capillary to ensure rigidity upon heating. These prepared samples were then mounted in a custom resistive element furnace and nitrogen gas was flowed over the sample during heating. Data was collected at one minute increments with a ramp rate of 10°C/min. and a wavelength of λ=0.2114 angstroms.
Phase purity of the lithium niobate was confirmed using Topas Academic 32 to fit a simulated diffraction pattern to the crystallized Li6. To analyse the total scattering data, the collected CCD data was processed using a custom script utilizing Fit2d 33 and pdfgetx3 34 . Fit2d was calibrated against cerium dioxide and used to convert raw CCD data from the 2D area detector for the sample and background to 1D data as a function of Q. Pdfgetx3 was used to subtract the background, perform instrument and sample corrections, and obtain the structure function, S(Q). . The S(Q) was converted to the PDF through a fourier transform according to G(r) = 2/π ∫Q[S(Q)-1]sin(Qr)dQ with a Q max value of 28Å -1 .
Experimental PDF data of the crystallized LiNbO 3 was fit using PDFGui 35 and a good match between the two was achieved, demonstrating that the cluster transitioned completely to lithium niobate in its standard ferroelectric arrangement.
Thin film preparation and characterization
Prior to deposition, all substrates (sapphire 001 and silicon-001) were rinsed with H 2 O, acetone and isopropanol, followed by a 10 min ash in an O 2 plasma. For standard characterization, a 50mM Li6 precursor solution was created by dissolving the clusters in DI water. Films were deposited on substrates by spin coating at 3000 rpm for 30 s, followed by an immediate hot plate cure at 80 o C for 3 min. The deposited films were then annealed in air at selected temperatures in the range 600-900 °C for 1 min.
Films on Si substrates were used for scanning electron microscopy (SEM), X-ray reflectivity (XRR), and atomic force microscopy (AFM) measurements. SEM images were obtained by an FEI NOVA 230 high resolution SEM using immersion mode. XRR data were collected with Cu Kα radiation (40 kV, 40 mA) on Rigaku Ultima-IV. The beam was conditioned by using a 0.2 mm divergence slit, a 0.5mm scattering slit, and a 0.2 mm receiving slit. Low-angle reflections from 0 to 5° (2θ) were collected in 0.01 o steps at speed of 0.1 degree/min. Analyses were conducted with X'Pert Reflectivity V1.0 software using sample thickness, surface roughness, and density as fitting parameters. Surface roughness was also evaluated by using a Veeco Di Innova atomic force microscope operated in tapping mode with a Silicon TAP150 Al-G-10 probe at a scan rate of 1Hz. A third-order plane fit was applied to all samples to limit distortion from the cantilever and sample tilt. 22 that the protons reside on the  2 -ONb 2 bridging oxos, which lengthens the Nb-O(H) bond distance to 2.2 Å. In the structure of Li8 and previously reported structures of lithium hexaniobate, 21, 27 the lithium forms its own adamantoid cluster with water, see figure 2a . Moreover, the lithium-water lattice forms an interconnected network of the adamantoid clusters, edge-sharing octahedral, and an 8-member ring of alternating lithium and water (figure 2b). The prevalence of this Li-water cluster in lithium hexaniobate crystalline lattices indicates that this is a stable arrangement for Li + -water at the high pH (>12) conditions of self-assembly and crystallization. Li6, on the other hand, exhibits poorer crystallinity (powder diffraction pattern shown in figure SI1 ), as we were unable to grow a good-quality single crystals for structure determination. The Li:Nb of both Li6 and Li8 is confirmed by wet-chemical analysis. We also identify the hexaniobate cluster in Li6 by the pair-distribution function (PDF) analysis of this precursor, which is discussed later.
Results and Discussion
The precursor salts
The precursor solutions
We utilized SAXS (small-angle X-ray scattering) to evaluate the size, shape, and interspeciesinteractions of Li6 and Li8 dissolved in water. Before any analyses were performed, we noted qualitatively poorer solubility of the Li8 salt. We analyzed three concentrations of Li6 and Li8 in water; the minimum concentration was limited by the signal to noise ratio of the scattering curve, and the maximum concentration represented the concentrations used for film deposition. The log(intensity)-log(q) (nm -1 ) plots for all six measurements are shown in figure 3; and pertinent calculated form and structure factors from curve fitting analyses are compiled in Table 1 . The pair distance distribution functions (PDDF) of 2.4 mM solutions of both Li6 and Li8 show symmetric Gaussian curves (see figure SI2 ) that indicate no polydispersity or ion-association. Additionally, R g values determined from two different methods (Guinier approximation and PDDF) 31 On the other hand, the higher concentration solutions from which the films are deposited reveal altogether different behaviors. The Li6 24 and 60 mmol concentration solutions have a structure factor (the small 'bump' around log q=2, see figure 3 ), indicating the clusters are interacting with each other with a center-to-center distance of ~26 Å. Moreover, the PDDF curves (radial probability p(r) as a function of radius, Å, from the edge of the particle) show a second smaller peak which indicates dimer formation ( figure 4 ). This is also seen in the slightly large R g determined from the PDDF fit compared to that obtained from the Guinier approximation.
Since we are not able to grow diffraction quality single-crystals of Li6, we turn to the many solidstate structures we have available for A 6 Fig. 4 inset) . This dimer has also been observed for the related decavanadate cluster in both the solid-state 36 and in solution. 37 Thus solid-state and solution evidence together suggest dimerization of diprotonated clusters as shown in Fig. 4 is not uncommon. The long axis of this dimer specie is ~15Å, which is in agreement with linear extent of the second peak of the P(r) curve. Using Table 1 ). The PDDF curves (figure SI2) could only be fit for the high-q region of the curve which is dominated by the population of smaller scatterers. Both the R g and the symmetric P(r) curve shape indicate unassociated monomers; and these make up the majority of the solution. However, the low-q range is fitted to a second minor population of larger scatters; 46 Å in radius (0.14% of total volume of scatterers) for the 25 mM solution and 22 Å in radius (1.6% of total volume of scatterers) for the 50 mM solution. We have interpreted this as incipient crystallization of the Li8 salt, and the large aggregates are still-soluble nuclei. The smaller, more abundant nuclei in the higher concentration solution are indeed consistent with crystallization/precipitation behavior: smaller and more abundant crystals are grown from a solution of higher concentration, and larger and fewer crystals grow from a lower concentration solution.
Finally, we return to the solid-state structure of Li8 to discuss why these large aggregates form in the solution, whereas as dimerization is the more prevalent association mechanism for Li6. In Li8 solutions, we may expect cationic lithium-water clusters that are evident in solid-state structures to persist. Polynuclear anions plus polynuclear cations ([Nb 6 O 19 ] 8and lithium-water clusters, respectively) result in poor solubility, presumably due to high negative enthalpy of crystallization, as has been observed for aluminium polycation Keggin ions with tungstate polyanion Keggin ions. 40 This likely explains why we observe nucleation in these solutions via SAXS, as well as qualitatively poorer solubility of Li8 compared to Li6. On the other hand, the lower pH (~10) of the Li6 solutions appears to both disrupt the assembly of the Li + -water clusters and favor dimerization via cluster protonation and hydrogen bonding. This is self-evident by the inability to crystallize Li6, as well as the observed different solution behavior.
The intermediate gel state
The intermediate gel state is deposited on a substrate via spin coating of the precursor solution, see figure 1 . With rotation of the substrate, the solution spreads and evaporates very rapidly. Obtaining a gel is one of the most crucial steps, and usually the least well-understood step in the transition from precursor to final thin film product. An optimal gel is continuous and smooth, and usually an amorphous network.
To characterize the intermediate gel-state and its conversion to metal oxide, we produced glassy samples (i.e. not crystalline) of Li6 and Li8 in a bulk form. These glassy Li6 and Li8 samples lack long-range order, and thus are suitable for characterization via total X-ray scattering to determine the local structure in addition to the long-range structure that evolves with in-situ heating. However, we do not expect these to match exactly between simulation and experiment, because the simulation provides only one arrangement, but these samples without long range order have many possible arrangements of the clusters. Peak 3 (2.7 Å) is a very common H-bonding distance between two water molecules or water and a cluster oxygen. We have assigned both peak 3 fig. 7) or 2) glassy Li8, like its crystalline form, has more short-range order in the Li-water species than Li6. To summarize, these X-ray scattering results provide compelling direct evidence that atomic-level structure in a precursor profoundly affects its evolution to a metal oxide product.
The thermogravimetric curves (figure 8) provide further information regarding the conversion of
Li6 and Li8 (crystalline and glassy) to lithium niobate phases. The higher weight loss of the Li8 phase quantitatively corresponds with evaporation of lithium oxide. This agrees with the X-ray scattering studies discussed above, showing formation of Nb 2 O 5 upon loss of lithium above 600 °C. Moreover, these results are also confirmed by the ex-situ heating-X-ray diffraction studies of Li6 and Li8 (see supplemental) This is particularly evident in the glassy sample, as there is a distinct weight-loss event above 600 °C, in correlation with the formation of more Nb-rich phases in both the in-situ and ex-situ heating studies. Crystalline Li6 and glassy Li6 have more similar dehydration behaviour than crystalline Li8 and glassy Li8. This is because Li6 is poorly crystalline, and its arrangement of ions and water molecules is likely more similar to the glassy state than the case of Li8. The less ordered phases lose water and lithium oxide in more distinct steps, compared to crystalline Li8. Initially this seems counterintuitive, but it is probably because the poorly ordered phases are more dense and therefore species are less readily volatilized. fig. SI6 & SI7) . The surface roughness for the film dried at 80 °C for 3 min is 0.3 nm, and it increases to about 1.3 nm after annealing at 600 °C . The in-situ heating, X-ray scattering studies discussed prior showed crystallization initiated at 400 C. The density increases from 3.0 to 4.3 g/cm 3 from the room-temperature gel state to the 600 °C annealed film. The 4.3 g/cm 3 density corresponds to 92% of the theoretical density of LiNbO 3 , which is similar to that reported prior for LiNbO 3 films deposited from aqueous solution. 30 To summarize briefly, Li6 precursor produced pure-phase LiNbO 3 ( fig. 10 ) films with continuous coverage.
The metal oxide coating
On the other hand, Li8 produced films that are composed of both Li 3 NbO 4 ; and LiNbO 3 , and exhibit island-growth morphology ( fig. 10 & fig. 9b ). This film was likewise annealed at 600 °C, and the euhedral 'islands' of lithium niobate phases preserve the morphology of the Li8 crystalline salt. It is evident that Li8 is crystallizing on the substrate upon spin coating and rapid evaporation of the water.
These results relate directly to the behavior of Li6 and Li8 in solution as observed by SAXS: crystallization of Li-water adamantoid cationic clusters with anionic Lindqvist ion clusters is energetically favorable. Therefore, the intermediate gel formation necessary for continuous metal oxide coating is inhibited.
Conclusions
This work illustrates the importance of both manipulating and interpreting the atomic level interactions of aqueous species that are precursors to materials self-assembled in water. Almost always in ] 6plus an associated water molecule to illustrate peak assignments of the PDF (see accompanying Table 2 ). Graphical Legend Aqueous lithium polyoxoniobate salts were used to prepare lithium niobate (LiNbO 3 ) thin films. Fundamental studies were performed to investigate the interactions in the transition from precursor cluster to the oxide film. It was found that acid-base and ion-association chemistries of the aqueous and gel systems significantly affect the key processes in this atom-level journey.
